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Abstract 

Multiple organ systems, including the brain, which undergoes changes that may increase the risk of cognitive decline, are 
adversely affected by diabetes mellitus (DM). Here, we demonstrate that type 2 diabetes mellitus (T2DI\/1) db/db mice 
exhibited hippocampus-dependent memory impairment, which might associate with a reduction in dendritic spine density 
in the pyramidal neurons of brain, APi.42 deposition in the prefrontal cortex (PFC) and hippocampus, and a decreased 
expression of neurostructural proteins including microtubule-associated protein (I\/1AP2), a marker of dendrites, and 
postsynaptic density 95 (PSD95), a marker of excitatory synapses. To investigate the effects of the ZiBuPiYin recipe (ZBPYR), 
a traditional Chinese medicine recipe, on diabetes-related cognitive decline (DACD), db/db mice received daily 
administration of ZBPYR over an experimental period of 6 weeks. We then confirmed that ZBPYR rescued learning and 
memory performance impairments, reversed dendritic spine loss, reduced APi_42 deposition and restored the expression 
levels of MAPI and PSD95. The present study also revealed that ZBPYR strengthened brain leptin and insulin signaling and 
inhibited GSKSP overactivity, which may be the potential mechanism or underlying targets of ZBPYR. These findings 
conclude that ZBPYR prevents DACD, most likely by improving dendritic spine density and attenuating brain leptin and 
insulin signaling pathway injury. Our findings provide further evidence for the effects of ZBPYR on DACD. 
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introduction 

Diabetes-associated cognitive decline (DACD) is one of central 
nervous systems (CNS) complications induced by diabetes mellitus 
(DM) [1], and has been recognized in humans [2,3] and animal 
models [4,5]. Thus, identification of treatment strategies for 
DACD has been an important research goal. More and more 
complementary and alternative therapies were used to facilitate 
the conventional treatment of diseases. Among these complemen- 
tary and alternative therapies, traditional Chinese medicine is a 
popular component. Traditional Chinese medicine has the 
advantage of providing multiple therapeutic effects on multiple 
targets as compared with Western medicine, which usually focuses 
on a single target [6], and is now attracting more and more 
attention around the world [7]. However, efTicacy and action 
mechanism of many traditional Chinese medicine have not yet 
been well understood. In this study, we examined the effects and 
action mechanisms of ZiBuPiYin recipe (ZBPYR) on DACD. 

ZBPYR is derived from a modification of the Zicheng 
Decoction, which is a traditional Chinese medicine recipe 



recorded in the book of Bujuji by Cheng Wu during the Qjng 
dynasty, and is used for clinical treatment of memory loss. Previous 
studies in our laboratory have demonstrated that ZBPYR 
improved learning and memory ability in DM rats induced by a 
high-fat diet combined with Streptozotocin (STZ) [8]. We also 
have revealed that the serum containing ZBPYR protected 
hippocampal neurons against amyloid P-peptide (AP) and 
glutamate induced neurotoxicity [9,10]. 

In this study, we used db/ db mouse as a DACD animal model, 
since it is reported that db/db mouse, an animal model of type 2 
diabetes mellitus (T2DM), exhibits not only obesity, hyperglyce- 
mia, hyperinsulinemia, leptin and insulin resistance but also 
impaired hippocampus-dependent cognitive performance [5] . The 
aims of the present study were to (i) determine whether ZBPYR 
protects diabetic mice from DACD and (ii) explore the underlying 
targets or the action mechanisms of ZBPYR. Our results suggest 
that ZBPYR exhibited a significant activity in enhancing 
hippocampus-dependent memory in db/db mice. This activity 
may be related to the improvement of dendritic spine density. 
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APi.42 deposition and brain leptin and insulin signaling, also the 
inhibition of GSKSP overactivity by ZBPYR. 

Materials and Methods 

Ethics statement 

AU animal experiments were conducted in accordance with the 
NIH Principles of Laboratory Animal Care and the institutional 
guidelines for the care and use of laboratory animals at Dalian 
Medical Uni\'ersity. All experiments were approved by the 
C()mmitt<;e on the Ethics of Animal Experiments of Dalian 
Medical University (Permit Number: SYXK (Liao) 2008-0002). 
AU surgery was performed under anesthesia with ether (the usage 
of ether was approved by the Committee on the Ethics of Animal 
Experiments of Dalian Medical University), and all efforts were 
made to minimize suffering. 

Animals 

Male 6- to 8-vveek-old C57BLKS/J-db/db mice and their age- 
matched non-diabetic littermates db/m mice were purchased from 
Nanjing Qingzilan Technology Co., Ltd. (Nanjing, Jiangsu 
Province, China) and housed in the specific pathogen-free (SPF) 
animal experiment center at Dahan Medical University. The 
animals were fed food and water ad libitum and housed at 
24°C±2°C witii 65%±5% humidity on a 12-h light/dark cycle. 
After 1 week acclimatization, db/ db mice were randomly divided 
into 2 groups: a diabetes group (DM) and a diabetic mice treated 
witii ZBPYR group (DM/ZBPYR). 

Preparation and administration of ZBPYR 

The ZBPYR was composed of 12 crude herbs: Red Ginseng 
(Radix Ginseng Rubra), Common Yam Rhizome (Rhizoma 
Dioscoreae Oppositae), Indian Buead (poria). White Peony Root 
(Radix Paeoniae Alba), Dan shen Root (Radix Salviae MUtior- 
rhizae), White Hyacinth Bean (Semen Lablab Album), Lotus Seed 
(Semen Nelumbinis), Grassleaf Sweetflag Rhizome (Rhizoma 
Acori Tatarinowii), Thinleaf Milkwort Root (Radix Palygalae), 
Sandalwood (Lignum Santali Albi), Tangerine Red Epicarp 
(Exocarpium Citri Rubrum) and Liquorice Root (Radix Glycyr- 
rhizae). AU herbs were purchased from Dalian Metro Pharma- 
ceutical Co.. Ltd. (Dalian, Liaoning Province, China). The 
mixtures were soaked in 8 volumes (v/w) of distilled water for 
30 min and then boiled for 90 min. The decoction was then 
concentrated to a final density of 3.29 g/ml and stored at 4°C. 
During a period of 6 weeks, DM/ZBPYR mice were orally 
administered ZBPYR at a dose of 0.1 ml/ 10 g body weight, while 
DM and control mice were orally administered an identical dose 
of ultrapure water (Milli-Q, Integral Water Purification System, 
MiUipore Corporation, BiUerica, MA, USA). 

Random blood glucose and fasting serum insulin 

Random blood glucose (RBG) was measured weekly to verify 
the development of diabetes in the db/ db mice. Glucose levels in 
tail blood samples were determined using a glucometer (Roche, 
Mannheim, Germany). At the end of the administration period, 
mice were starved for 12 h, anesthetized with ether and blood 
samples collected from the inner canthus vein of the eye. Blood 
samples were then centrifuged at 3000 rpm for 1 5 min at 4°C for 
the separation of serum. The serum samples were frozen at — 80°C 
until required for fasting serum insulin (FSI) measurement. FSI 
levels were assayed using an insulin radioimmunoassay kit (Atom 
High-tech, Beijing, China). 



Oral glucose tolerance test and insulin tolerance test 

For oral glucose tolerance test (OGTT), mice were fasted for 
14 h and administered a 50% (wt/wt) glucose solution (2 g/kg 
body weight) orally. Tail blood samples were then collected at 0, 
30, 60 and 120 min after the glucose administration. For insulin 
tolerance test (ITT), mice were fasted for 6 h, injected intraper- 
itoneally with regular human insulin (0.75 U/kg body weight; 
Novolin, Novo Nordisk (China) Pharmaceutical Co., Ltd., Tianjin, 
China), and glucose levels monitored at 0, 15, 30, 60, 90, and 
120 min after insulin injection. All glucose levels were determined 
using a glucometer (Roche, Mannheim, Germany). 

Morris water maze test 

Taking into account light conditions might be an important 
factor in the behavior test, and mice are more active in dark phase, 
so the light/dark cycle was reversed during the Morris water maze 
test. The test was performed in the morning under conditions of 
low noise and dim light [11,12]. The light intensity was set up 
according to the paper of Veronica S. Valentinuzzi et al [13], 
provided by indirect three incandescent lamps (100 W) connected 
to a dimmer, was 1 1 to 24 lux at the water surface. Briefly, the test 
was undertaken in a circular pool (diameter 100 cm, height 50 cm. 
Institute of Materia Medica, Chinese Academy of Medical 
Sciences, Beijing, China), filled with water made opaque with 
milk power and maintained at 26°C±1°C. The experiment was 
performed daily for 6 days. On the 1st day, mice were permitted to 
swim freely in the pool for 120 s without the platform (diameter 
9 cm, height 29 cm) to adapt to the new conditions. Over the 
following 4 days, mice underwent 4 trials per day at intervals of 
60 s. On these occasions, the platform location was submerged 
1 cm below the water surface and was fixed, while the starting 
points were changed. Each trial lasted until the animal found the 
platform or for a maximum observation period of 1 20 s. Animals 
that failed to find the platform within the maximum observation 
period were guided to the platform by the obser\ ers. On the day 
after the last acquisition training session, animals were tested in a 
single 120 s probe test without the platform. During this period, 
three parameters were recorded via an automatic photographic 
recording and analysis system (EthoVision, Noldus Information 
Technology b.v., Wageningen, The Netherlands): (1) the time to 
reach the platform (escape latency); (2) the swimming time in the 
target quadrant where the platform had been located during 
training; and (3) the number of times the animal crossed the site 
from which the original platform had been removed. On the 6th 
day, a visible-platform test was undertaken, where the platform 
was located 1 cm over the water surface and placed at a position 
different from the previous test. During this test, the experimental 
procedures were exactly the same as previous tests, and the escape 
latency and swimming distance were recorded. 

Sample preparation 

For western blotting, the animals were anesthetized with ether 
and decapitated. Cerebral cortex and hippocampus was rapidly 
dissected via surgery on ice. All samples were immediately frozen 
in liquid nitrogen and stored at — 80°C until required. Cerebral 
cortex and hippocampus samples were homogenized in ice-cold 
lysis buffer (0.125 M Tris HCl (pH 6.8),0.2 M DTT,4% 
SDS,20% Glycerol). The lysates were sonicated for 10 min and 
centrifuged at 1 5,000 xg for 5 min to remove insoluble debris. 
Protein concentrations in the supematants were determined using 
a Minim Spectrophotometer (NanoVue^^ Plus, GE Healthcare, 
Amersham Place, Littie Chalfont, Buckinghamshire, HP79NA, 
UK). 
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For immunohistochemistry staining, the animals were deeply 
anesthetized with ether and sacrificed by intracardiac injection of 
0.9% saline solution followed by fixative (4'X> paraformaldehyde in 
0.1 M phosphate buffer, PB, pH 7.4). Brain.s were removed and 
post-fixed in the same fixative overnight at 4°C and then in a 30% 
sucrose solution (in PB) at 4°G until they floated. Coronal sections 
(8 |im) from the PFC and hippocampus were cut using a frozen 
microtome (Leica, Wetzlar, Germany). Sections were collected on 
clean Poly-L-lysine coated microscope slides (3 sections/sfide), and 
the sections from different group animals were on the same slide to 
reduce the effei:ts of experimental manipulations and conditions 
on the results. All slides were stored at — 20°C until required. 

Western blotting 

Protein (.50 |J.g per sample) was separated on 8%-15% Tri.s- 
glycine polyacrylamide gels and transferred to nitrocellulose 
membranes. Immunoblots were blocked for 1 h in Tris-buffered 
saHne Tween-20 (TEST, 20 mM Tris-HCl, 150 mM NaCl, 
pH 7.5, 0.05% Tween 20) containing 5% skim milk. The blots 
were then incubated with primary antibodies in TEST at 4°C 
overnight. Membranes were washed three times with TBST and 
then incubated with secondary antibody for 2 h at room 
temperature. Membranes were washed again and developed with 
Enhanced Chemiluminescence (ECL). Primary antibodies used 
from Cell Signaling Technologies (Danvers, MA, USA) were: 
suppressor of cytokine signaling 3 (SOCS3) (#2932, 1:800), Janus 
kinase 2 gAK2) (#3230, 1:800), p-Tyr'°°'^'"™JAK2 (#3776, 
1:800), protein kinase B (Akt) (#9272, 1:800), p-Ser*''^Akt (#4058, 
1:800), GSK3a (#4337,1:800), p-Ser^'GSK3a (#9316, 1:800), 
GSK3|3 (#9315, 1:800), p-Ser'^GSK3p (#9322, 1:800), PSD95 
(#3409, 1:800), MAP2 (#4542, 1:800), p-Thr"^^"^"^2^MAP2 
(#4544, 1:800). Primary antibody directed against insulin receptor 
substrate 2 (IRS2) (Millipore Corporation, Billerica, MA, USA, 
#MABS15, 1:2000), p-Ser''"lRS-2 (Abeam pic, Cambridge, UK, 
#ab3690, 1:200) and P-actin (Sigma-Aldrich, St Louis, MO, USA, 
#A2228, 1:2000) were also used in the experiments. Goat anti- 
rabbit (#NA9340, 1:2000) or anti-mouse (#NA9310, 1:2000) (GE 
Healthcare, Buckinghamshire, UK) were used as secondary 
antibodies. 

Immunohistochemistry staining and quantitative analysis 

Immunohistochemistry staining was carried out using a 
Streptavidin/Peroxidase staining kit (SP9001, Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd., Beijing, China) according 
to the manufacturer's instructions. Briefly, after incubation at 
room temperature for 30 min, sections were washed three times 
for 10 min in 0.01 M phosphate-buffered sodium (PBS, pH 7.4) 
and blocked with 3% hydrogen peroxide for 10 min at room 
temperature to quench endogenous peroxidases. The sections 
were then incubated with solution A (Normal Goat Serum), and 
then incubated with primary antibodies at 4°C overnight. The 
following primary antibodies were used: MAP2 (Sigma-Aldrich, St 
Louis, MO, USA, #M3696, 1:100), APi.42 (Abeam pic, Cam- 
bridge, UK, #abl0148, 1:100) and PSD95 (Cell Signaling 
Technologies, Danvers, MA, USA, #3409, 1:200). In order to 
exclude false-positive results, we established a negative control 
group that used PBS instc-ad of primarv' antibody. The sections 
were then further processed using solution B (biotinylated goat 
anti-rabbit IgG) and solution C (horseradish peroxidase-labeled 
streptavidin working solution). Immunoreactivity was developed 
using diaminobenzidine (DAB, ZLI-9018, Beijing Zhongshan 
Golden Bridge Biotechnolog)^ Co., Ltd., Beijing, China) until 
suitable staining had developed. The sections were then counter- 
stained with hematoxylin, dehydrated through graded alcohol and 



rinsed in xylene before cover-sUpping with balsam resinous 
medium. 

The images from CAl, CAS and the DG regions of the 

hippocampus and prefrontal cortex (PFC) were captured using an 
upright microscope (Leica, Wetzlar, Germany). The quantitative 
analysis was carried out using the "measure integrated optical 
density" (lOD) function of Image Pro-Plus version 6.0 and average 
lOD was used for statistical analysis. 

Golgi staining and analysis of dendritic spines density 

For Golgi staining, fixed brain tissue was treated with a 3.5% 
solution of potassium dichromate for 4—5 days, followed by 10 
days in a solution of 1% silver nitrate. The sections were then 
washed with distilled water, dehydrated and cleared in sui:cessive 
baths of 95% (1-2 h) and 100% (2 h) alcohol followed by 1 h in an 
ether anhydrous alcohol mixture (1:1). After embedding with 
collodion (2%-4% 1 h, 8% 1 h), coronal sections (200 nm) from 
the PFC and hippocampus were obtained using a sliding sheer. 
These sections were collected onto clean 2"/o gelatin-coated glass 
microscope slides and cover-slipped with balsam resinous medium. 

For analysis of dendritic spine density, images were captured 
using an upright microscope (Leica, Wetzlar, Germany) and 
processed qualitatively with Image Pro-Plus version 6.0. The 
apical spines on secondary and tertiary- dendrites of hippocampal 
CAl and CA3 pyramidal neurons, granule cells of the DG and 
layer II/III pyramidal neurons in the PFC were counted per 
50 |Xm of dendritic segment length. For analysis of dendritic spine 
density in different brain regions, we chose three mice from each 
group, and five brain sections from each mouse, and five neurons 
from each brain section, so totally 25 neurons were analyzed for 
each mouse in the hippocampus or prefrontal cortex. Only spines 
from neurons that were adequately stained and whose branches 
were not obscured by other dendrites, blood vessels, or non- 
descript precipitates were quantified. 

Statistical analysis 

Statistical analysis was performed using either an ANOVA 
(equal variance) or a Welch's ANOVA (unequal variance) test. 
Data from the Morris water maze test was analyzed using a 
repeated-measures analysis of variance for comparisons among 
trials, while an unpaired Student's t test was used for comparisons 
among different groups in a given block and for the comparison of 
other results. The difference was considered to be statistically 
significant when /)£0.05. 

Results 

ZBPYR improves spatial learning and memory 
performance 

As shown in Figure lA, the escape latency of DM mice was 
significantly longer than that of control mice from 3rd day to 5th 
day (3rd day 1.77 times, 4th day 2.68 times, 5th day 6.39 times). 
When compared to DM mice, DM/ZBPRY mice exhibited 
shorter escape latency on the 4th (0.62 times) and 5th day (0.54 
times) of the training trials. 

In the probe test, we observed that DM/ZBPRY mice required 
less time (0.68 times) to locate the original platform position than 
DM mice (Figure IB). The swimming time of DM mice in the 
target quadrant where the platform had been located during 
training tests was significantiy shorter (0.70 times) than that of 
DM/ZBPYR mice (Figure IC). There was no significant 
difference among the groups in the number of times the mice 
crossed the original platform location (Figure ID). 
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Figure 1. Effects of ZBPYR on the Morris water maze test in db/db mice. (A) Learning performance of the animals was analyzed In the 
training trials by escape latency. DM/ZBPYR mice had shorter escape latency on the 4th and 5th day of training. (B-D) Memory retrieval performance 
was investigated in the probe test as the time required to search for the original platform location (B), time in the target quadrant where the platform 
had been located during training trials (C), and the number of crossing over the original platform location (D). (E-F) Performance in the visible 
platform version of the Morris water maze, which is not hippocampus-dependent. Escape latency (E) and swimming distance (F) were analyzed. 
Values are means ± S.D. from 17 mice in each group. *p<0.05 compared to control; *p<0.05 compared to DM. 
doi:1 0.1 371/journal.pone.0091 680.g001 



Performance in the visible platform version of the Morris water 
maze test, which is not hippocampus-dependent [14,12], was 
similar among all groups in terms of escape latency and swimming 
distance (Figure IE and F). 

ZBPYR increases dendritic spines density 

Since the changes in dendritic spines may be a major cause of 
learning and memory impairment [15,16,17], we analyzed 
dendritic spine density in Golgi-stained neurons in the hippocam- 
pus and prefrontal cortex (PFC). In our study, Golgi staining was 
observed in the dendritic shafts and spines on secondary and 
tertiary dendrites of pyramidal neurons from layer II/III of the 
PFC (Figure 2A) and hippocampus (Figure 2B). 

Analysis of the dendritic spine density in the PFC revealed that 
there was a significant difference among groups. When compared 



with the control group, the total number of dendritic spines along 
a 50-|a.m dendritic segment was significantly smaller in DM mice 
(0.29 times), while ZBPYR treatment mitigated these changes 
(1.64 times) (Figure 2C and D). Moreover, we also observed fewer 
dendritic spines on hippocampal CAl pyramidal neurons in DM 
mice (0.73 times) than control mice, while ZBPYR treatment 
increased the density of dendritic spines in this area (1.18 times) 
(Figure 2E and F). 

In addition, density of different types of spines observed over a 
.50-(im segment of the dendrite was also analyzed. Dendritic spines 
were divided into 3 types: 1) thin-type, a long, narrow protrusion 
terminating in a small bulbous head; 2) stubby-type, small 
protrusions lacking a clearly distinguishable neck and head 
portion, and 3) mushroom-type, well defined neck and very 
voluminous head. Thin- and stubby-type spines on pyramidal 
neurons in the PFC of control mice were observed in greater 
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Figure 2. Effects of ZBPYR on dendritic spines In different regions of brain. (A-B) Representative examples of a PFC neuron (A) and a CA1 
neuron (B) visualized with Golgi staining. Scale bar= 100 jim. (C) Representative images of Golgi-stained PFC neurons from the different groups. 
Long arrow indicates a thin spine, short arrow indicates a mushroom spine and triangle indicates a stubby spine. Scale bar = 20 |j.m. (D) ZBPYR 
significantly increased total dendritic spine density and stubby spine quantity over a dendritic segment length of 50 ^im. (E) Representative images of 
Golgi-stained hippocampal CA1 neurons from the different groups are shown. Long arrow indicates a thin spine, short arrow indicates a mushroom 
spine and triangle indicates a stubby spine. Scale bar = 20 |im. (F) ZBPYR increased total dendritic spine density and all three types spines quantity 
over a dendritic segment length of 50 ^m. Values are means ± S.D. from 3 mice in each group. *p<0.05 compared to control; *p<0.05 compared 
to DM. 

doi:1 0.1 371/journal.pone.0091 680.g002 



numbers (Thin: 1.89 times, stubby: 1.98 times) than that of DM 
mice. Furthermore, ZBPYR significantly increased stubby-type 
spines (1.77 times) in DM/ZBPYR mice (Figure 2D). The density 
of three different types of spines in the hippocampal CAl 



pyramidal neurons of DM mice were fewer (Thin: 0.58 times, 
stubby: 0.60 times, mushroom: 0.73 times) than those in control 
mice. Moreover, it is interesting that ZBPYR treatment could 
increase all three different types of spines in hippocampal CAl 
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(Thin: 1.47 times, stubby: 1.54 times, mushroom: 1.39 times) 
(Figure 2F). 

We also observed dendritic spine density and density of difiFerent 
types of spines on hippocampal CAS pyramidal neuron.s and 
granule cells of the dentate gyrus (DG), but we did not observe the 
effects of ZBPYR in these regions (Figure SI). 

ZBPYR reduces APi^2 deposition and increases tlie 
expressions of MAP2 and PSD95 

The pathology of DACD is similar to that of Alzheimer's 
Disease (AD), which is characterized by the presence of senile 
plaques composed of aggregated extracellular AP protein. Thus, in 
addition to changes in dendritic spines, we hypothesized that AP 
deposition would be observed in the DACD brain, and that 
ZBPYR would be involved in the process of AP deposition. In 
order to exclude false-positive results in these experiments, we 
established a negative control group. As shown in Figure 3A and 
D, almost no APi_42 immunoreactivity was observed in the PFC 
and hippocampal CAl and DG in control mice. When compared 
with control mice, APi.42 immunoreactivity was much more 
intense in DM mice and ZBPYR treatment resulted in a decrease 
in the degree of staining. We did not, however, observe any 
significant changes in the hippocampal CAS after ZBPYR 
treatment (Figure S2). 

MAP2 is often utilized as a marker for the dendritic cytoskeleton 
[18]. In our study, we identified a significant reduction in MAP2 
immunoreactivity in the PFC (0.16 times) and hippocampal CAl 
(0.24 times) of DM mice when compared to the control mice. .4nd 
we found ZBPYR treatment obviously increased MAP2 immuno- 
staining in these two brain areas (PFC: 4.28 times, CAl: 1.9S 
times) (Figure SB and E). However, MAP2 expression was not 
statistically altered in the CAS and DG of the hippocampus when 
comparing DM and DM/ZBPYR mice (Figure S2). 

The distal tip of the dendritic spine head contains a postsynaptic 
density (PSD) region, which is an electron-dense structure 
speciaUzed for postsynaptic signaling and plasticity, and consists 
of glutamate receptors, signaling molecules and scaffolding 
proteins [19]. As PSD95 is a key scaffolding protein located in 
the PSD, we measured PSD95 expression using immunohisto- 
chemistry staining. The results revealed significant differences in 
PSD95 expression between DM and control mice in the 
hippocampal CAl (0.S6 times) (Figure SC and F), in the PFC 
(0.40 times) and CAS (0.5S times), and the DG (0.40 times) of the 
hippocampus (Figure S2). Interestingly, similar to the results for 
MAP2 expression, the CAl region showed an obvious increase 
(1.42 times) in PSD95 expression after ZBPYR administration 
(Figure SC and F), while PSD95 expression in the PFC and other 
areas of the hippocampus was not statistically altered (Figure S2). 

ZBPYR affects brain leptin and insulin signaling 

Due to the expression of a mutant leptin receptor, db/db mice 
show severe leptin resistance and insulin resistance. To assess brain 
leptin and insufin signaling in our model, we examined the 
expression of SOCSS, which is known to be a major negative 
regulator of leptin and insulin signaling [20,21], JAK2 and p- 
Tyr'°°'^'°''"jAK2, IRS2 and p-Ser'^'lRS2, Akt and p-Ser*"Akt 
in the hippocampus and cerebral cortex using western blotting. 

SOCSS expression was increased in the hippocampus 
(Figure 4A) and cerebral cortex (Figure 5A) of DM and DM/ 
ZBPYR mice when compared to control mice, while no 
differences were detected between DM and DM/ZBPYR mice. 
Next, the results identified that total JAK2 expression was not 
significandy changed in the difiFerent brain tissues among the three 
groups (Figure 4A and 5A). When compared with control mice. 



p-Tyr JAK2 expression was increased significantly in the 

hippocampus (Figure 4A) and cerebral cortex (Figure 5A) of DM 
and DM/ZBPYR mice. Moreover, ZBPYR was able to reduce 
JAK2 hyper-phosphorylation (Figure 4A and 5A). 

Our results revealed no changes in the total levels of IRS2 and 
Akt in either brain region among the three groups (Figure 4B and 
5B). However, we did observe an apparent reduction in levels of p- 
Ser*'^Akt and a significandy increased p-Ser'^'lRS2 in the 
hippocampus (Figure 4B) and cerebral cortex (Figure 5B) of DM 
mice when compared to control mice, and that ZBPYR showed an 
ability to ameliorate these alterations (Figure 4B and 5B). 

ZBPYR inhibits GSK3 overactivity and increases the 

expressions of dendritic cytoskeleton proteins 

As impaired insulin signaling is known to affect GSKS activity 
[22], we next investigated whether GSKS activity was altered in 
our model. We observed a reduction in phosphorylated GSKSa at 
Ser21 and phosphorylated GSKSP at Ser9 in the hippocampus 
(Figure 4C) and cerebral cortex (Figure 5C) of DM mice, 
illustrating that GSKS activity was increased. After ZBPYR 
administration, p-Ser^'GSKSP expression was enhanced in the 
hippocampus and cerebral cortex of the DM/ZBPYR mice 
(Figure 4C and 5C). We did not detect changes in the levels of total 
GSKSa and GSKSp. 

Phosphorylation of MAP2 induced by GSKS modulates its 
association with microtubules and regulates microtubule stability 
[2S]. In our study, we found that DM mice showed a decrease in 
MAP2 protein expression in the hippocampus (Figure 4D) and 
cerebral cortex (Figure 5D) when compared to control mice. In 
addition, DM mice appeared to have elevated levels of phosphor- 
ylated MAP2 in the hippocampus (Figure 4D) and cerebral cortex 
(Figure 5T)). Treatment with ZBPYR appeared to ameliorate these 
alterations (Figure 4D and 5D). The results also showed that 
PSD95 expression in the hippocampus (Figure 4D) and cerebral 
cortex (Figure 5D) were sharply decreased in DM mice when 
compared with control mice. Moreover, these reductions were 
restored following treatment with ZBPYR (Figure 4D and 5D). 

Effects of ZBPYR on peripheral glucose homeostasis and 
insulin sensitivity 

The results revealed that RBG levels in DM/ZBPYR mice were 
significandy reduced (Srd: 0.65 times, 4th: 0.75 times, 5th: 0.72 
times, 6tli: 0.69 times) b(;tw(X'n the Srd and 6th weeks of treatment 
when compared to DM mice (Figure 6A). There was no significant 
difference in FSI levels when comparing DM/ZBPYR mice and 
DM mice at the end of the treatment period (Figure 6B). As shown 
in Figure 6C, in the OGTT, when compared to DM mice, 
ZBPYR administration was found to reduce blood glucose levels, 
especially at SO min after a glucose load (0.8S times). The ITT 
results revealed that ZBPYR also significantly improved the 
glucose response to an insuUn challenge at 15 min (0.61 times) and 
30 min (0.60 times) (Figure 6E). When the area under the curve 
(AUG) of OGTT (Figure 6D) and ITT (Figure 6F) was compared 
between groups, DM/ZBPYR mice showed a significant reduction 
(OGTT: 0.85 times, ITT: 0.76 times) when compared widi DM 
mice. 

Discussion 

Although the pathogenesis of DACD is stiU not well understood, 
pharmacological treatment for this disease warrants exploration. 
ZBPYR was initially created according to the traditional Chinese 
medical theory in order to improve memory ability. Therefore, 
this promoted an investigation of the protective effects of ZBPYR 
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Figure 3. Effects of ZBPYR on APi_42 deposition and the expression of neurostructural proteins in different regions of brain. (A) Ap,. 
42 deposition in tine PFC, hippocampal CA1 and DG were visualized using immunohistochemistry. (B) The expression of IVIAP2 in the PFC and 
hippocampal CA1 was visualized using immunohistochemistry. (C) The expression of PSD95 in the hippocampal CA1 was visualized using 
immunohistochemistry. (D-F) The average lOD of the immunoreactive area for APi-42, MAP2 and PSD95, are presented as bar graphs. ZBPYR 
significantly reduced AP1.42 deposition in the PFC and hippocampal CA1 and DG (D). ZBPYR significantly increased the expression of iVlAP2 in the PFC 
and hippocampal CA1 (E). ZBPYR significantly increased the expression of PSD95 in the hippocampal CAl (F). Scale bar= 100 \im. Values are means 
± S.D. from 3 mice in each group. *p<0.05 compared to control; *p<0.05 compared to DiVl. 
doi:10.1371/journal.pone.0091680.g003 
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Figure 4. Effects of ZBPYR on brain leptin and insulin signaling. GSK3 activity and neurostructural protein expression in the 
hippocampus. (A) ZBPYR did not alter S0CS3 expression, but significantly decreased p-JAK2 (Tyr'™'"™**) expression. (B) ZBPYR reduced IRS2 that is 
phosphorylated at serine 731 and increased Akt phosphorylated at serine 473. (C) ZBPYR significantly impaired GSK3P activity by increasing p- 
Ser'GSK3p expression. (D) ZBPYR significantly increased MAP2 and PSD95 expression, and reduced MAP2 that is phosphorylated on tyrosine 1620/ 
1623. Representative Western blots and bar graphs of gray-scale analysis are shown, p-actin was used as a loading control. Values are means ± S.D. 
from 4 mice in each group. *p<0.05 compared to control; *p<0.05 compared to DM. 
doi:1 0.1 371/journal.pone.0091 680.g004 



on DACD. In the present study, we found that ZBPYR was able to 
improve DACD in db/db mice. 

The results of Morris water maze test demonstrate that db/ db 
mice exhibited severe cognitive deficits, which are consistent with 
previous findings [5,24,25]. ZBPYR enhanced learning perfor- 
mance on the 4th and 5th day of the training test and memory 



retrieval performance in the probe test in DM/ZBPYR mice, 
suggesting that ZBPYR has a beneficial effect in the treatment of 
DACD. Our data suggest that ZBPYR might act this effect 
through increasing dendritic spine density and reducing AP 
deposition. Since previous studies have demonstrated that learning 
and memory processes depend on synapses [26] and dendritic 
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Figure 5. Effects of ZBPYR on brain leptin and insulin signaling. GSK3 activity and neurostructural protein expression in the 
cerebral cortex. (A) ZBPYR did not alter S0CS3 expression, but significantly decreased p-JAK2 (Tyr'™'''™^) expression. (B) ZBPYR reduced p-IRS2 at 
serine 731 and increased p-Akt at serine 473. (C) ZBPYR significantly impaired GSK3p activity by increasing p-Ser''GSK3p expression. (D) ZBPYR 
significantly increased IVIAP2 and PSD95 expression, and reduced MAP2 that is phosphorylated on tyrosine 1620/1623. Representative Western blots 
and bar graphs of gray-scale analysis are shown. |3-actin was used as a loading control. Values are means ± S.D. from 4 mice in each group. *p<0.05 
compared to control; *p<0.05 compared to DM. 
doi:1 0.1 371 /journal.pone.0091 680.g005 



spines are the major sites of excitatory synapse formation [27]. In 
this study, db/ db mice exhibited decreased dendritic spine density 
in different brain region, and ZBPYR was efficacious for 
recovering dendritic spine density, moreover, much more effective 
in the PFC and hippocampal CAl. In addition, ZBPYR increased 
the density of stubby-type spines in the PFC and liippocampal 
CAI, suggesting that the neuroprotective function of ZBPYR on 
DACD may depend on increasing the density of stubby-type 



spines in several brain regions, thereby enhancing memory ability. 
Moreover, according to findings from ours and other laboratories, 
the PFC is also a noteworthy brain area for cognitive function and 
memory loss [28,29]. It is well documented that Afi deposition is 
associated with learning and memory ability [30,31]. In current 
study, db/db mice exhibited APi.42 deposition in several brain 
regions, and ZBPYR showed a significant reduction action on 
Afi 1.42 deposition in the PFC and CAl and CA3 of hippocampus. 
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Figure 6. The anti-diabetic effects of ZBPYR on db/db mice. (A) RBG was examined weel<ly during ZBPYR administration. ZBPYR significantly 
reduced glucose levels from the 3rd week to the 6th week. (B) FSI was accessed at the end of the administration period and after the animals had 
been starved for 12 h. (C-D) OGTT (2 g/kg body weight) was performed at the end of the administration period and after the animals had been 
starved for 14 h. Actual glucose levels were measured at the indicated times (C), and then the AUG was analyzed (D). (E-F) ITT (0.75 U/kg body 
weight) was performed at the end of the administration period and after the animals had been starved for 6 h. Actual glucose levels were measured 
at the indicated times (E), and then the AUG was analyzed (F). Values are means ± S.D. from 17 mice in each group. *p<0.05 compared to control; 
*p<0.05 compared to DM. 
doi:1 0.1 371/journal.pone.0091 680.g006 
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Thus, our findings raise the possibility that the effect of ZBPYR on 
prevention of DACD is dependent of AP pathology. 

In the molectilar mechanism of ZBPYR action, the activity of 
ZBPYR may be associated with the enhancement of leptin and 
insulin signaling in the cerebral cortex and hippocampus, since 
there are several lines of evidence suggesting that leptin and insulin 
signaling play an important role in cognitive performances and 
learning and memory processes for humans [32,33] and animals 
[34,35]. This present study revealed that p-Tyr'""'^'°°'*JAK2 was 
up regulated in the cerebral cortex and hippocampus of db/db 
mice. ZBPYR ameliorated JAK2 hyper-phosphorylation in these 
regions, suggesting that ZBPYR may affect leptin signaling by 
regulating p-Tyr"""'''"™JAK2. In the CNS, activated JAK2 leads 
to the activation of a series of downstream signaling pathways, 
including Akt [36,37] . It is well established that Akt is a key marker 
protein of insulin signaling, and which mediates the effect of 
insulin via important intracellular signaling cascades including the 
IRS/PI3K/Akt pathway [38]. Moreover, recent epidemiological 
evidence suggests that CNS insuKn resistance is a risk factor for 
cognitive decline [39]. In this study, we found that p-IRS2 was 
increased and p-Akt was decreased in the cerebral cortex and 
hippocampus of db/db mice, illustrating that central insulin 
signaling of db/ db mice was impaired. Our study confirmed that 
ZBPYR could correct CNS leptin and insulin resistance by 
regulating p-JAK2, p-IRS2 and p-Akt. 

In addition, ZBPYR exhibited a strong activity in the inhibition 
of GSK3. GSK3 is a downstream substrate of Akt and sensitive to 
glucose, since the phosphorylation states of GSK3 in both the 
cerebral cortex and hippocampus were found to be influenced by 
fluctuations in the peripheral blood glucose concentration [40] . It 
is reported that GSK3 involved in the process of Af> deposition 
[41] and regulated developmental processes including synaptic 
plasticity [42]. In our study, we revealed that ZBPYR could 
prohibit excessive GSK3(3 activity, although it has no effect on 
GSK3a activity. GSKSpi implicated in the regulation of microtu- 
bule dynamics by phosphorylating MAPs, including MAP2. 
Phosphorylation of MAP2 inhibited MAP2 from binding to 
microtubules and decreased microtubule stability [43]. In current 
study, we observed reduced expression of MAP2 and PSD95, 
enhanced expression of p-MAP2 in the cerebral cortex and 
hippocampus of db/db mice by western blotting. Moreover, 
immunohisto[:hemical analysis revealed a decreased MAP2 and 
PSD95 immunoreactivity in the PFC and hippocampus of db/ db 
mice. ZBPYR treatment appeared to oppose these pathology 
changes, especially selectively restored MAP2 expression in the 
PFC and hippocampal CAl and selectively restored PSD95 
expression in hippocampal CAl. Taken together, the present 
findings provide molecular biological evidence for the preventive 
effects of ZBPYR on DACD. 

DM is associated with multiple adverse effects on the brain, 
some of which may result primarily from direct consequences of 
chronic hyperglycemia. Since herbal extracts have been reported 
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